Introduction
Wood small-reed (Calamagrostis epigejos (L.) Roth) belongs to stoloniferous perennial grass species with high morphological and physiological plasticity (Gloser and Gloser, 1996; Jańczyk-Węglarska, 1996) . It possesses some features of expansive species such as a rapid growth rate (Rebele and Lehmann, 2001 ) and long stolons (Gloser et al., 2004) . In Europe, the species' range extends from the coastal belt of the Atlantic Ocean to the Urals (Hultén and Fries, 1986 ). This species is particularly common in Germany, Poland, and the Czech Republic (Rebele and Lehmann, 2001 ).
C. epigejos shows a broad range of tolerance to various environmental factors. It is able to colonize and spread on both dry and flooded sites, with a broad range of acidity (pH 2.8-8.2), and on sandy soils poor in nutrients, as well as on nutrient-rich soils, both on insolated and shaded sites. It occurs in various forest and nonforest natural habitats, as well as in disturbed urban and industrial sites (Rebele and Lehmann, 2001 ). According to Rothmaler (1988) , in ruderal habitats wood small-reed occurs mainly in Epilobietea angustifolii, Urtico-Sambucetea, Trifolion medii, and Ammophilon boreale communities.
Adaptability to different habitats and competitive strength arise from its ability to create different ecotypes (Jańczyk-Węglarska, 1996) . Another important feature of C. epigejos in this context is efficient nitrogen uptake from the soil, high accumulation of this element in the roots and shoot bases, and the capacity for its effective translocation from aerial shoots before their dieback to underground storage organs (Gloser, 2002 (Gloser, , 2005 Gloser et al., 2004; Kavanová and Gloser, 2005) . That efficient nitrogen usage allows C. epigejos to grow very fast and to produce a large biomass.
In Central Europe Calamagrostis epigejos is very frequent, though not always dominant in plant communities. It is especially visible in shadow forest communities (Rebele and Lehmann, 2001) . Patches dominated by C. epigejos and fast expanding are a common phenomenon within various plant communities in open areas with soils rich in nutrients (Rebele and Lehmann, 2001; Żołnierz, 2014, 2017) . This problem is especially marked in seminatural grassland managed mainly by mowing (Gloser and Gloser, 1999) . In recent years rapid and aggressive expansion of wood small-reed within grassland communities has led to changes in species composition (Stránská, 2004; Kavanová and Gloser, 2005; Holub et al., 2012) and the loss of their previously high species diversity (Pruchniewicz and Żołnierz, 2017) . The expansion mechanism of Calamagrostis epigejos and its effects on species composition still remain poorly understood (Pruchniewicz and Żołnierz, 2017) . However, it may be connected with very high production of aboveground and underground biomass, which leads to shading of slower growing species and production of a thick layer of slowly degrading litter preventing germination of seeds (Dolečková and Osbornová, 1990; Holub et al., 2004) .
In this study we decided to test the hypothesis that the ability of Calamagrostis epigejos to expand in plant communities is determined by habitat factors. The crucial question of our study was how the habitat factors influence the ability of C. epigejos to produce high aboveground and underground biomass. That, we assume, should be the essence of the mechanism of its expansion in various affected communities and the main reason for its competitive strength. We decided to carry out our study in four different plant communities affected by C. epigejos to investigate the influence of various configurations of environmental factors.
Specifically, we addressed the following questions: I. How does the expansion of Calamagrostis epigejos influence the species diversity and composition of forest, clearing, and meadow communities?
II. How do habitat factors influence the biometric variability as well as the ability of Calamagrostis epigejos to produce high above-and underground biomass, which in turn leads to the dominance of this species in the communities?
Materials and methods

Study area
The study was conducted in the central part of the Sudetes Mountains (SW Poland) in the Sowie, Bardzkie, and Suche Mountains. This part of the Sudetes Mts. encompasses low ranges with gentle slopes. Four localities were chosen for the survey within the Sudetian lower mountain forest belt. The mean altitude of those localities is 575 m a.s.l. Deciduous forests with European beech (Fagus sylvatica) are the potential plant community for that area. However, during the last two centuries they have been converted into artificial Norway spruce stands in most parts. The mesic meadows of the Arrhenatheretalia order dominate in the deforested areas. The climate is predominantly shaped by air masses from the Atlantic Ocean. The mean annual temperature in the study area is around 5.5 °C and the mean precipitation ranges between 700 and 800 mm (WBO, 2005) . The soil cover mainly consists of brown and acid brown soils derived from igneous and metamorphic rocks as well as from sedimentary rocks (Olędzki, 2007) .
Data collection
The survey was conducted in four types of plant communities with the occurrence of Calamagrostis epigejos: a mountain beech forest (Luzulo luzuloidis-Fagetum), an artificial Norway spruce monoculture, a clearing community (Epilobietea angustifolii), and a mesic mountain meadow community of the Arrhenatheretalia order (Appendix) . In the forest communities cover of C. epigejos remains at a consistently low level. All studied communities are a common element of the landscape in the area. On the other hand, these habitats differ significantly, which has given us an opportunity to carry out our study in a broad variety of environmental factors. The first surveyed community was an acidophilous beech forest (Luzulo luzuloidisFagetum) with some Quercus petraea, and Acer platanoides in the canopy layer. The second forest community was a monoculture of Norway spruce (Picea abies) artificially introduced into the habitat of a mountain acidophilous beech forest. The third community represented clearing vegetation belonging to the Epilobietea angustifolii class. The fourth studied community represented mesic mountain meadow vegetation of the Arrhenatheretalia order. The study was carried out on ten patches of each of the four studied communities dispersed through the area. Within each patch we randomly established a set of 10 plots (1 × 1 m) from which the vegetation data of the herb layer were sampled. The percentage scale was used as the measure of the species cover. In each plot we selected 20 individual ramets of C. epigejos, whose total height was visually evaluated as nearest to the average for the local population. In collected specimens the following parameters were measured with an accuracy of 1 mm: panicle length, length of the blade, and diameter of the blade. For each specimen we also recorded the mass of blades (g), panicle weight (g), mass (g), and the number of leaves, as well as underground and aboveground biomass. The measurements of the studied biometric features of C. epigejos were conducted using fresh specimens. The biomass was determined after drying them at 85 °C to a constant weight. The underground biomass of C. epigejos was collected from the depth of 0-15 cm in five replications using the 10 × 10 cm frame. The block of soil was dug out and then in the laboratory all underground parts of Calamagrostis epigejos were carefully washed out under tap water. Another set of five subplots (10 × 10 cm) randomly scattered through each studied patch was used for collecting samples of the biomass of the accompanying species and samples of plant necromass. Samples of accompanying species' aboveground biomass were taken with the distinction of broadleaf forbs and graminoids.
From each of the plots, soil samples were collected from the depth of 0-15 cm in five replications. The samples were later dried at room temperature and, after a constant mass was obtained, they were sifted through a 2-mm mesh sieve. Afterwards, the following characteristics of the samples were measured according to methods described by Allen (1989) and Radojević and Bashkin (2006) : loss on ignition after heating 2 g of soil in a muffle furnace at 600 °C for 6 h followed by cooling overnight; pH in water (w/v); total nitrogen content using the Kjeldahl method; and exchangeable forms of phosphorus determined colorimetrically after extraction in 0.5 M sodium bicarbonate at pH 8.5. Soluble forms of potassium, calcium, and magnesium were extracted with 1 M ammonium acetate (pH 7.0). A Varian SpectrAA 200 atomic absorption spectrometer was used for determinations of metals. It was set in emission measurement mode for calcium and potassium and in atomic absorption mode for magnesium. Soil texture was determined areometrically.
Light conditions were expressed on a scale of 1-3, where 1 represented full shade (surfaces getting up to 25% of daylight), 2 represented penumbra (surfaces getting up to around 50% of daylight), and 3 represented full sunlight (surfaces getting up to 100% of daylight).
Statistical analysis
Detrended correspondence analysis (DCA) was used in order to reveal the main environmental gradients on the basis of the species composition of vegetation. The length of the gradient represented by the first DCA canonical axis was 3.4 SD; therefore, canonical correspondence analysis (CCA) was chosen to assess the impact of Calamagrostis epigejos on the species composition of the studied communities. Values of aboveground and underground biomass of C. epigejos were used as environmental variables. The significance of the variables was tested with the Monte Carlo permutation test with stepwise variable selection. The log-transformed vegetation data were used in all ordination analyses. Ordination analyses were performed using the CANOCO v. 5.03 package (ter Braak and Šmilauer, 2012) .
The Shannon-Wiener diversity index was calculated according to the following formula: H' = -Σ (p i ln p i ), and the Shannon-Wiener evenness index was calculated as follows: J' = H'/ln S, where pi = n i /N; n i = the abundance of the species expressed as percentage of its cover; N = the sum of abundances of all species; and S = the total number of species. The MVSP v. 3.131 package (Kovach Computing Services, 2004) was used for calculations of all diversity indices.
In statistical analyses the Shapiro-Wilk test was used to check the normal distribution of data. The data for which a normal distribution was obtained were analyzed using parametric methods: one-way ANOVA with post hoc testing of significance of differences using Tukey's HSD test or Pearson correlation analysis (r). The data for which a normal distribution was not found were analyzed using nonparametric methods: the Kruskal-Wallis test and Spearman's rank correlation (Rs). The Levene test was used to verify the assumption of equality of variances.
In order to determine the relationship between the studied biometric features of Calamagrostis epigejos as well as to eliminate collinearity and overfitting of variables in the multiple regression analyses, principal correspondence component analysis (PCA) was used.
Multiple regression analyses were used to evaluate the effect of tested environmental variables on the expansion ability of C. epigejos. Calculations were made for log transformed and standardized data. The final analysis of residuals showed their normal distribution (Shapiro-Wilk test), lack of autocorrelation (Durbin-Watson test), and the linear character of the model. All statistical analyses were conducted using STATISTICA v. 12 (StatSoft Inc., 2014) software.
Results
The influence of
Calamagrostis epigejos expansion on the diversity and species composition of studied communities Significant positive correlations were noted between the underground biomass of Calamagrostis epigejos and necromass, as well as biomass of accompanying grasses and forbs (Table 1) . A positive correlation was also noted for the aboveground biomass of Calamagrostis epigejos and biomass of accompanying herb species. A decrease of the Shannon-Wiener diversity index was observed along with the increasing cover of Calamagrostis epigejos. The increase of the evenness index and increases of necromass and biomass of accompanying grass and herb species (Table  1) , respectively. CCA demonstrated that the variety of species composition was strongly influenced by the habitat gradients, which were related to the first two canonical axes (Figure 1) . The eigenvalues for axes 1 and 2 were 0.3021 and 0.2835, respectively. The cumulative percentage variances of species data for those axes were 4.87 and 9.44. The results of the Monte Carlo permutation test followed by stepwise selection of the variables showed that the underground biomass of Calamagrostis epigejos had a significant impact on the species composition (lambda = 4.8%; F = 1.9; P = 0.008). On the other hand, no significant influence of the aboveground biomass of Calamagrostis epigejos was noted (lambda = 49.1%; F = 1.9; P = 0.062). 
The effect of different plant communities and environmental factors on the biometric variability of Calamagrostis epigejos
Based on the study, significant differences in morphological features of C. epigejos were demonstrated ( Table 2 ). The highest coverage of C. epigejos was recorded in the clearing communities, while the lowest cover was noted in the forest and meadows communities (H = 18.768, P = 0.0003). Significant differences were observed between studied biometric parameters of C. epigejos growing in various communities: blade length (H = 19.179; P = 0.0003), panicle length (H = 17.843; P = 0.0005), blade diameter (H = 14.578; P = 0.0022), blade mass (H = 11.814; P = 0.008), panicle weight (H = 15.76; P = 0.0013), and underground (H = 28.128; P ≤ 0.001) and aboveground biomass (H = 12.449; P = 0.006). The highest values of the majority of studied biometric parameters were recorded in C. epigejos occurring in the clearing community, with the exception of the diameters of blades, which were the largest in grasses growing in the mountain mesic meadows. No significant difference was determined for the mass of leaves (H = 1.778; P = 0.620) and number of leaves (H = 8.33; P = 0.040). The results of PCA are shown in Figure 2 . As significant variables the following were selected: aboveground biomass, underground biomass, and cover of Calamagrostis epigejos. These variables were tested in multiple regression analysis.
The results of multiple regression (Table 3 ) calculated together with the correlation coefficients revealed a significant influence of environmental factors on the features of C. epigejos determining its capacity for expansion. In the case of aboveground biomass (R = 0.77, R 2 = 0.59, adjusted R 2 = 0.46, F = 4.75, P = 0.0005) significant effects of light, concentration of exchangeable phosphorus, and thickness of soil were noted. Negative effects were noted for pH and the percentage of the sand fraction. Positive influences on the underground biomass were noted for light, concentration of exchangeable phosphorus, and organic matter (R = 0.97, R 2 = 0.95, adjusted R 2 = 0.94, F = 86.10, P < 0.0001). Negative effects were observed for soil thickness and concentration of exchangeable potassium. The cover of C. epigejos was positively correlated with the light level (R = 0.84, R 2 = 0.70, adjusted R 2 = 0.65, F = 13.03, P < 0.0001). Negative correlations were noted for pH, percentage fraction of silt, and organic matter content.
Discussion
The influence of Calamagrostis epigejos expansion on the species diversity and composition of studied communities
The study revealed a significant influence of Calamagrostis epigejos expansion on the studied communities. However, the significant influence is restricted only to the underground, and not the aboveground, biomass of wood small-reed. Along with the expanding Calamagrostis epigejos, there was observed a positive effect of its underground biomass on increase of plant necromass, as well as biomass of forbs and grasses. Increase of forbs biomass was caused by increased C. epigejos aboveground biomass. An increase of C. epigejos cover was noted along with a decrease of Shannon-Wiener diversity and evenness indices. Similarly to the previous results (Pruchniewicz and Żołnierz, 2017) , there was observed an increase of necromass and biomass of accompanying species of grasses and forbs. C. epigejos is a highly competitive species limiting the occurrence of other taxa (Somodi et al., 2008 ) and leading to a quick decrease in species richness wherever it occurs (Mudrák et al., 2010) . The studied communities, both forest and meadow, were characterized by low diversity. According to Gloser and Gloser (1999) and Gloser et al. (2004) , low species richness in communities dominated by C. epigejos is caused by a thick layer of plant necromass, which undergoes slow decomposition and successfully limits regenerative succession and the growth and development of forest species. This observation is confirmed by our research in clearing and meadow communities, where the mean number of species is higher. The decline of species diversity in grassland under the influence of C. epigejos may be explained by the shading of nearby plants (Somodi et al., 2008) , increased soil fertility due to nutrient availability (Holub and Záhora, 2008) , and a thick necromass layer limiting the germination and development of meadow species (Házi et al., 2011) .
The influence of environmental factors on features determining the expansion ability of Calamagrostis epigejos
The high diversity of biometric parameters in various plant species is one of the main factors determining the possibilities of adaptation to the habitat conditions (Sultan, 1987) . This phenomenon was spectacularly apparent in the study area, where significant differences in morphological features of C. epigejos were noted. In the case of aboveground biomass our study shows a significant effect of light, concentration of exchangeable phosphorus, and thickness of soil. A negative effect was noted for pH and the percentage of the sand fraction. There was observed a positive influence of light, concentration of exchangeable phosphorus, and organic matter content on underground biomass. A negative impact was noted for the soil thickness and concentration of exchangeable potassium. The cover of C. epigejos was positively correlated with light level. Negative correlations were noted for pH, percentage fraction of silt, and organic matter.
Light is one of the main factors stimulating the size of aboveground and underground biomass of C. epigejos. Long-term survival in the understory layer would not be possible without adaptation allowing the effective use of sun energy. The morphological and physiological adaptation of the species to low light enabled it to survive under a dense cover of coniferous trees, where the maximal size of photosynthetic photon flux rarely exceeds the lower limit (20 μmol g m -2
) of sciophyte vascular plants (Gloser and Gloser, 1996) . On open surfaces, absorption of light energy causes an increase in the growth rate (Gloser and Gloser, 1996) and enables generative multiplication of C. epigejos (Lehmann and Rebele, 1994) . The significant influence of light on the size of the biomass is relative. Along with the increase of sunlight availability, photosynthesis intensification takes place, which in turn leads to the storage of substances in underground parts and their increased growth.
Apart from its flexibility towards light, C. epigejos is characterized by a high tolerance to nutrients in soil (Gloser and Gloser, 1999) . In their research, Lehmann and Rebele (2005) , Tůma et al. (2005) , and van der Berg et al. (2005) recorded an increase in C. epigejos biomass caused by nitrogen fertilization. Meanwhile, Süß et al. (2004) noted a positive, linear correlation between C. epigejos coverage and humidity index, soil nitrogen, potassium, and phosphorus. On the other hand, Heinsdorf (1984) found no influence of potassium and phosphorus on C. epigejos aboveground biomass. Additionally, Brünn (1999) recorded low potassium requirements in C. epigejos. This observation was not, however, confirmed in our research. One of the main factors influencing the size of aboveground and underground C. epigejos biomass was the concentration of exchangeable forms of phosphorus in soil. The negative relation between potassium and underground biomass is not found in other researchers' studies. A positive relation between organic matter content and aboveground biomass and a negative one with C. epigejos cover should be regarded as related to the availability of nutrients that reach the species as a result of dead organic matter decomposition.
In research carried out by Heinsdorf (1984) , calcium was one of the elements that had a decisive influence on the size of aboveground C. epigejos biomass. Our research did not confirm that finding. We observed no significant influence of exchangeable calcium forms. However, our results showed a negative correlation between aboveground biomass and C. epigejos and the pH of soil. Rebele and Lehmann (2001) noted that high calcium concentrations may indirectly influence the increase of pH in acidic soils, which may lead to the limitation of macrocomponent assimilation, above all magnesium and nitrate ions (Gloser and Gloser, 2000) , which directly influence the growth and development of the studied species, thus explaining the results of our research. According to Jańczyk-Węglarska (1996) , Calamagrostis epigejos inhabits soils without any relation to their granulometric contents. It occurs on sandy, sandy-clay, and even clay soils. However, the results of our studies show that soils with dominating sand or silt inhibit the expansive properties of C. epigejos.
Apart from factors connected with the physicochemical properties of soil, our research showed a significant positive correlation between the thickness of soil and aboveground biomass and a negative one with the underground biomass of C. epigejos. Wood small-reed is one of the species whose rhizomes occur at 3-35 cm depth. Most of the root growth is within 0-40 cm (Burschel, 1958) . On shallow soils root densification occurs (with regard to units per volume), which explains the results obtained in this research.
In conclusion, our study revealed that expansion of Calamagrostis epigejos and particularly its underground biomass significantly influenced the species diversity and composition of the surveyed communities. C. epigejos growing in various forest and nonforest communities significantly differed in its biometric features. The competitive strength of C. epigejos was stimulated by insolation and some physicochemical properties of the soils (proportion of sand and silt, organic matter, pH, P, K). In the forest communities development of C. epigejos patches was inhibited by light deficiency and soil infertility.
